Flame Thermal Spray (FTS) coatings frequently show some porosity and reduced adherence to substrate, which affect its properties, especially its corrosion resistance. In this work, the corrosion resistance of AISI 1018 carbon steel coated by different methods is compared: electroless nickel (EN) coating, NiCrFeBSi obtained by FTS, duplex coatings of an EN deposit on a layer of NiCrFeBSi obtained by FTS and a layer of NiCrFeBSi on an EN deposit. The coatings were characterized using optical microscopy and scanning electron microscopy techniques, EDS microprobe microanalysis, roughness as well as electrochemical polarization tests to obtain the corrosion rate. The results show the enhancement in the corrosion resistance in saline medium of the duplex coatings, especially of the EN coating on FTS layer.
Introduction
Thermal spray processes include a broad group of technologies. Their usefulness in different areas of engineering are broad and their use has been increasing in different countries. One of the techniques that can be employed is the one called flame thermal spraying (FTS), the heat source is a mixture of oxygen-acetylene and coatings are produced by means of a gun in which the melted or heated materials are projected onto a substrate using a gas stream. With this technology, it is possible to obtain coatings with compositions comprising combinations of metals, ceramics and various polymers and composites [1] . The equipment used for this purpose is, among the available options in thermal spraying, the cheapest. However, it is often found that coatings obtained do not exhibit the desired degree of adhesion to the substrate and it is common for them to show some significant degrees of porosity. Because of that, in many cases, the development of better coatings that improve the corrosion resistance of the substrate has been an ongoing work.
Therefore, for this type of coatings, a concern is to find ways to reduce this problem and some actions have been recommended, such as applying a sealing operation of pores, in which several techniques have been used; for example, using steam or an appropriate post thermal spraying heat treatment. Other options reported are the re-melt and re-solidifying of the coatings using concentrated energy sources, such as laser radiation [2] , which has improved both limitations (porosity and adhesion), and improvements in wear resistance have been reported.
Another strategy to improve the properties of the coatings, is by combining the processes of thermal spray with other surface engineering technologies, such as Physical Vapor Deposition or nitriding [3] [4] [5] .
On the other hand, electroless nickel phosphorus (NiP) coatings are obtained through the chemical reduction of nickel ions, which are in aqueous solution, by the action of sodium hypophosphite without the use of electricity. This auto-catalytic chemical technique has some advantages over the electrolytic coatings, highlighting the uniformity of the coating thickness, regardless of the geometry of electroless nickel-plated parts, also depending on the phosphorous content (which, in turn, depends on the pH of the solution), it could be an amorphous or crystalline state [6] , with an excellent corrosion resistance.
Using the electroless nickel technology it is possible to obtain different kind of coatings, modifying the methodology to apply it or the elements used. For example, adding a third element to the Ni-P alloy [7] or hard ceramic particles, such as SiC or WC [8] [9] . An additional option is the use of an electroless nickel deposit as an intermediate layer, a work using this method was reported, and the results indicate an improvement in the corrosion resistance [10] . In addition, a thin layer of electroless nickel can be placed as an intermediate coating with a Cr 3 C 2 -NiCr compound obtained by plasma thermal spraying, it is reported an improvement in the tribological coating behavior [11] .
Duplex electroless nickel coatings (NiB/NiP) have also been produced, in order to achieve a wear and corrosion resistant coating with encouraging results A. Barba-Pingarrón et al. [12] [13] . Also reported is the use of electroless nickel coated ceramic powders, on which coatings obtained by thermal spray layers are placed, resulting in an improved wear resistance [14] [15] .
There are several studies about duplex coatings using thermal spray technologies; there is no study thus far on the effect of using electroless nickel plating together flame thermal spray. The goal of thiswork is to achieve a study about the effect of a kind of duplex coatings in the corrosion resistance of low carbon steel.
Materials and Methods
AISI 1018 carbon steel specimens with a dimension of 30 × 23 × 9.5 mm were used as the substrates. Surface pretreatment method includes both mechanical and chemical cleaning. Some of the pretreated specimens were electroless nickel plated using the experimental conditions previously reported [9] .
The roughness of samples was obtained using a Mitutoyo Surftest 402; measures were made in 5 different zones of the pieces after they had been shot blasting with aluminum oxide particles, to ensure an appropriate level of roughness that allows adequate adhesion of the NiCrFeBSi layer generated by flame thermal spray process. The average roughness obtained was 19.85 micrometers.
Flame thermal spray coatings were produced using a Sulzer Metco 5P II gun, at pressure of 180 psi. The samples were preheated to 180˚C and thermally projected for 30 seconds, with a powder combination NiCr 10 Fe 2.5 B 2.5 Si 2.5 placed in the gun, at a distance of 25 to 35 cm.
The samples coated were observed in a Nikon 039268 metallographic microscope and a Philips XL20 scanning electron microscope. An EDS microprobe, was used for the microanalysis of the various coatings evaluated.
Other specimens, 3 cm in length, 2.3 cm wide and 1 cm thick were prepared for the electrochemical polarization tests, in which an AC Instruments 802 ACM Gill potentiostat was used. A high purity graphite bar was used as the auxiliary electrode and a saturated calomel electrode (Hg/Hg 2 Cl 2 , sat. KCl) was used as the reference electrode in a 3.5% by weight sodium chloride solution. Ten samples from five different types of systems were evaluated (Table 1) . Samples were evaluated for 10 days.
In order to obtain the corrosion rate (V corr ) the next formula was used and the parameter employed were, I corr refers to the corrosion current of the system, A 
Results
Figure 1 obtained by scanning electron microscopy (SEM), shows a NiCrFeBSi coating generated by flame thermal spray technology on AISI 1018 steel. Some defects can be highlighted like the inhomogeneity of the thickness, the presence of porosity and the fact that certain areas remains uncoated, where the presence of porosity and non covered areas are related with the low speed through which the molten particles travel in the processes of flame thermal spray process, which causes a limited adhesion. Figure 2 shows an electroless nickel deposit on AISI 1018 carbon steel, where we can observe the uniformity in the thickness of the coating and good adhesion to the substrate. Referring to Figure 3 , the image of a duplex coating, consisting of an electroless nickel coating on which a layer of a NiCrFeBSi combination is placed, can be seen.
Some areas where the flame thermal spray layer is not able to cover the electroless nickel deposit are observed, which, as will be discussed later, is related to the inadequate behavior of this duplex system in the electrochemical corrosion tests. This due to the possible variation of the microstructural condition of the electroless nickel deposit, which initially, depending on its content of P, could be expected to be amorphous and that the heating associated with the flame thermal spray process could modify, to some degree, towards a partial or total crystallinecondition, and as result less corrosion resistance, as stated in [16] [17] [18] [19] .
In Figure 4 , the system consisting of the lower layer of a NiCrFeBSi obtained by flame thermal spray process can be observed. On top of this, an electroless nickel deposit is evident and perfectly covers the contour of the flame thermal spray layer, which causes a "sealing" action of the areas with porosity of this layer, a situation that can explain, to a large extent, the increase in the corrosion resistance of this duplex coating, which can be corroborated in the results of the electrochemical corrosion tests. Figure 5 confirms that the electroless nickel deposit follows the contour of the flame thermal spray coating, thereby enabling a "sealant" action which undoubtedly is effective, resulting in a decrease in the effect of porosity and helps to reduce the risk of corrosion. Figure 6 shows a sample of one of the spectra obtained from electroless nickel deposits in which it can be seen that in these coatings the P content is above 9% by weight, which would be in agreement with the approach that would be expected to be amorphous, and which has been reported in other works [16] [17] [18] [19] . Figure 7 shows a EDS spectrum of one of the coatings generated by flame thermal spray process of the NiCrFeBSi combination. In this spectrum, the presence of the components constituting the layer can be corroborated. Table 2 and Figure 8 , show a comparison of the corrosion rates of the various coating systems evaluated in this work and for this it is clear that either coating system has a higher corrosion resistance than low carbon steel AISI 1018 alone (4.36 mm/year). It should also be noted that of the coated parts, those coated with the NiCrFeBSi layer are the ones with the highest corrosion rate (2.65 mm/year), which is considered associated with the porosity of the coating. Re-lated to the electroless nickel plated sample, results (0.86 mm/year) confirm its good qualities as a corrosion resistant coating, which is linked to its predominant amorphous condition as a function of the P content, as reported in other studies [16] [17] [18] [19] . Corrosion rate is higher than found in other papers such as [16] in which an aluminum alloy was coated with an electroless NiP coating (11% P) and evaluated by electrochemical tests in a solution such as the one used in this work, where a corrosion rate of 0.08 mm/year is reported. This can be associated with the higher content of P reported in [16] , which provides a higher corrosion resistance.
In agreement with these results, [16] [17] [18] [19] , indicate that amorphous electroless Ni-P (with high P content) coatings are expected to have better corrosion resistance due to the absence of grain boundaries and the possible formation of a protective layer of nickel oxide and phosphorus compound.
Works have been carried out to evaluate the corrosion resistance of Ni-P, on a composite material for wind turbine blades, with P content of <7% and >7% in a NaCl solution at 3.5% weight, conclude that the best corrosion resistance is with contents of P > 7% [20] and in this work, has a content of 9% that coincides with those in the literature. Another work where they cover closed-cell aluminum foams with a Ni-P coating [21] indicates that there is an increase in corrosion resistance in chloride sodium solutions to 3.5% also coinciding with the content of P in the coating increases.
In [21] , report that electroless nickel deposit containing high phosphorus content reacts with electrolyte to form a layer of adsorbed hypophosphite anions, which will block the supply chain of electrolyte the electrode surface and can help to form a passive nickel film.
The system, in which a NiCrFeBSi layer, obtained by flame thermal spray technology is placed on an electroless nickel deposit, has a higher corrosion rate (1.46 mm/year) than the electroless nickel coating alone. Although it is recommended to perform a broader characterization of this system in a future work, it is considered that some possible factors that can explain this inappropriate behavior, are associated with the inhomogeneity of the flame thermal spray process layer which can collaborate to generate local cells between Ni-P and the NiCrFeBSi combination. As previously reported [16] [17] [18] [19] , electroless nickel NiP coatings with P contents of the order of 9% (by weight) and higher tend to have a predominantly amorphous condition which can be modified by heating, causing a transition process to metastable intermediate phases (microcrystalline) in the coating, to subsequently pass into a fully crystalline condition with stable phases (Ni 3 P and Ni).
On the other hand, Jokinen, Korpiola and Mahiout report that the heating caused by an HVOF process generates the crystallization of an electroless nickel NiP deposit [22] . In agreement with this report, in the present work this modification in the microstructure of the process can explain the fact that the duplex system of a layer of electroless nickel coated by another of NiCrFeBSi produced by flame thermal spray process shows a higher corrosion rate than the duplex system where the electroless nickel coating (which is amorphous), is placed above the NiCrFeBSi layer produced by flame thermal spray.
Regarding the behavior of the system that presents a lower NiCrFeBSi layer obtained by flame thermal spray process with an upper electroless nickel deposit, which presents the lowest corrosion rate (0.59 mm/year), it is considered that characteristics such as the excellent corrosion resistance of the amorphous electroless nickel coatings [16] [17] [18] [19] , the ability of this type of coatings to generate a uniform coating, regardless to the substrate geometry and the "sealing" action that this entails, is considered to support all these effects and explain the response of the duplex system which cause the increase in corrosion resistance.
Comparing this system with [23] , there is evidence that despite the use of stainless steel coatings produced by High Velocity Oxygen Fuel (HVOF) thermal spray process the problem of porosity in the coating can arise and cause corrosion problems in presence of NaCl. A more recent article [24] , coincides with the present work on the utility of use of electroless nickel coatings on a layer of martensitic stainless steel produced by HVOF to overcome the limitation of the porosity of these coatings through the use of a uniform duplex electroless nickel coating. In this case, a layer of 3.5 micrometres of an electroless nickel NiP amorphous coating is used on an upper layer of an electroless nickel NiB of 36 micrometers is placed and both on a layer of martensitic stainless steel of 150 micrometers being placed. Duplex coatings system obtain improvement in corrosion resistance, associated with the electroless NiP layer and in the adhesive wear resistance, attached to the high hardness electroless nickel NiB layer. Unlike this article, in this work the duplex system uses flame thermal spray process plus electroless nickel NiP coating, which is a more economical procedure. An additional aspect to be highlighted in this article regarding [24] , is the evidenceof the electroless nickel coating's ability to perfectly follow the contour of NiCrFeBSi coating produced by flame thermal spray process, which is a factor that contribute to the enhancement of the corrosion resistance.
Some additional reflections derive from these results. A first important fact is that adding an electroless nickel deposit to a layer produced by flame thermal spray technology can substantially increase the corrosion resistance of this layer. This, consequently, can open an interesting possibility to expand its applications and reduce the common problems that these coatings can present, derived from its high porosity and poor adhesion.
However, on the other hand, it is necessary to complete a more extensive characterization of these duplex systems. One of the restrictions of these proposed systems is that the electroless nickel deposit is not recommended for use at temperatures greater than 500˚C, which would suggest this kind of combinations should not be used under those conditions
Conclusions
The corrosion resistance of a NiCrBFeSi coating obtained by flame thermal A. Barba-Pingarrón et al. spray technologies has been enhanced by adding an upper layer of a NiP electroless nickel deposit.
The corrosion resistance of an amorphous electroless nickel deposit, and the ability of this kind of coating to coat with uniform thickness and t0 follow the contour of the NiCrFeBSi layer generated by flame thermal spray process have contributed to this situation.
These characteristics of the duplex coating allow overcoming the limitations of low adhesion and to produce a condition of "sealing" the porosity of the coatings obtained by flame thermal spray process.
The duplex system flame thermal spray layer (NiCrFeBSi) plus Ni-P electroless nickel is a system that allows extending the possible applications of coatings generated by FTS particularly when corrosion resistance is a predominant factor for their selection.
